The activities of Au(111), Au(100) and Au(110) surfaces, as well as the activity of an Au adatom on Au(111), Au(100) and Au(110) surfaces have been characterized by density functional theory using CO as a probe. The results clearly show that the activity of Au surfaces towards CO adsorption is attributable to the presence of low-coordinated gold atoms to which the molecule binds. The results may enrich the understanding of CO adsorption on Au surfaces.
INTRODUCTION
Investigation of the adsorption behaviour of catalytically relevant molecules on well-defined gold surfaces is indispensable for understanding the origin of the catalytic activity of gold-based nanoparticles. In this regard, the adsorption of CO has been studied extensively on gold surfaces, in light of their catalytic activity in many industrial processes, such as CO oxidation Nishibori et al. 2013 ) and HCOOH oxidation (Oca et al. 2012) . Numerous studies have attempted to explain the unexpected catalytic activity of gold surfaces for CO adsorption. From these studies, several conclusions have been established. It is generally agreed that the adsorption at the surface was related with geometric factors. For example, using density functional theory (DFT), Mavrikakis et al. (2000) observed that the interaction of CO with the Au(111) surface is weak. At variance, Piccolo et al. (2004) reported that CO binding energy increases on Au(211) compared with Au(111). Recently, Hussain et al. (2009) theoretically examined CO adsorption on a set of Au surfaces, and the results showed that the low-coordinated Au atoms possess high activity. The occurrence of adatoms, vacancies and etch pits on the surface has been assumed to be responsible for the activity of Au (Wang et al. 2011) . In the theoretical view, we still need fundamental understanding of the intrinsic catalytic activity of gold-based catalysts towards CO (Mehmood et al. 2009; Sun et al. 2011) .
The goal of this study is to explore the role of coordination in the adsorption of CO on Au surfaces for given adsorption sites. We do so with a comparative study on the (111), (100) and (110) surfaces of gold, as well as with an Au adatom on Au(111), Au(100) and Au(110) surfaces [denoted as Au/Au(111), Au/Au(100) and Au/Au(110)] on the basis of DFT. After presenting the computational details of our work, we present a detailed analysis of the calculated adsorption energies based on coordination.
COMPUTATIONAL DETAILS
DFT (Hu et al. 1994 (Hu et al. , 1995 with a generalized gradient approximation Perdew, Burke, and Ernzerhof (PBE) functional (Perdew et al. 1992; Payne et al. 1996) , as implemented in the program CASTEP (Payne et al. 1992) , is used for all calculations. The electronic wave functions are expanded in a planewave basis set and the ionic cores are described by ultrasoft pseudopotentials (Vanderbilt 1990) . A *Author to whom all correspondence should be addressed. E-mail: hxwyy2005@mail.sdu.edu.cn (Y. Wang).
cutoff energy of 340 eV is used for the plane-wave expansion of the electronic eigenfunctions. The criteria used for energy and maximum force convergence are 2.0 × 10 -5 eV/atom and 0.05 eV/Å. Monkhorst-Pack meshes with 3 × 3 × 1 k-grid sampling in the surface are used for all the calculations. A previous study reported that the adsorption energy of CO does not depend on the number of Au layers if there are more than two layers (Mavrikakis et al. 2000) . Therefore, in this work the surfaces are modelled by a p(2 × 2) unit cell with three layers [or effectively three layers in the cases of Au/Au(111), Au/Au(100) and Au/Au(110); Figure 1 ]. In all calculations, the bottom two layers of Au atoms were held fixed in their bulk positions, whereas the top layer of atoms was allowed to relax. A vacuum layer of 10 Å has been introduced to eliminate interactions between slabs. CO is only adsorbed on one side of the slab, with a corresponding coverage of 0.25 ML. 
RESULTS AND DISCUSSION

Evaluation of the Method
First of all, it should be emphasized that the method involved in our work is still a matter of considerable debate. Fabiano et al. (2011) have proved that DFT-PBE is only accurate for small-sized gold clusters. However, Liu et al. (2002) reported this method is found to be sufficient to describe adsorption energy. To further calibrate the selected method, we here compare several calculated results with available experimental values: (i) For the bulk Pd, the calculated lattice constant is 4.046 Å, whereas the experimental finding is 4.078 Å (Kittel 1996) . (ii) The bond length for CO molecule and the bond dissociation energies of Au2 are calculated to be 1.154 Å and 2.36 eV, respectively, and the corresponding experimental value is 1.128 Å (Huber and Herzberg 1979) and 2.29 eV, respectively (Liu et al. 2002) . (iii) The calculated adsorption energy of CO on the top site of Au (110) surface is 0.48 eV, and the available reference value in literature is in the range of 0.53-0.69 eV (Loffreda and Sautet 2005; Hussain et al. 2009 ). These data show good agreements between the calculated results and available reference values, indicating sufficiency of the selected method.
CO Adsorption on Gold Surfaces
The adsorption of CO on several different Au surfaces has been calculated, including Au(111), Au(100), Au(110), Au/Au(111), Au/Au(100) and Au/Au(110). In all cases, the CO molecule turns out to be upright with no tilt in regard to the surface normal. The adsorption energy, E ad , of CO is defined to be E CO + E surf − E CO/Au , where E CO , E surf and E CO/Au are the energies of a CO molecule in the gas phase, the clean Au surface and the total energy of the CO/Au system, respectively. The calculated E ad and the corresponding structures are shown in Figure 2 .
CO adsorption onto the Au(111) surface with the highest coordination number of 9 is first calculated. Au(111) exhibits four symmetrical adsorption sites, as illustrated in Figure 1(a) . The threefold hollow sites differ from each other with respect to the second layer; hcp sites have an atom directly beneath them in the second layer, whereas fcc hollow sites do not. It is noted that CO adsorbs weakly on the Au(111) surface, and is most stable in the bridge site, with an adsorption energy of 0.02 eV, in general agreement with previous studies.
On Au(100) surface, each Au surface atom has eight nearest neighbours. Several structures with different adsorption geometries are identified and are shown in Figure 2 . Our calculations show that adsorption of CO on Au(100) is slightly stronger than on Au(111). Of the three possible adsorption sites for Au(100) surface, the lowest energy structure with an adsorption energy of 0.23 eV was observed on the bridge site.
The Au (110) surface has a coordination number of 7. Two particularly stable adsorption modes for CO appeared, namely, on the short bridge (i.e. between two near-neighbour Au atoms on a row) and on top, with the adsorption energy of 0.80 and 0.48 eV, respectively. Adsorption state on the long bridge (i.e. between two adjacent rows) is less stable (0.27 eV) and the hollow site is not stable for CO adsorption.
To explore whether a further decrease in coordination of gold leads to even stronger adsorption, we also investigated CO on top of an additional gold atom placed on the hollow site of the (111), (100) and (110) surfaces, respectively. The CO adsorption energies are promoted by up to approximately 1 eV going from Au/Au(100), where the Au atoms have a coordination number of 4 to the Au/Au(111), where the most reactive Au atoms have a coordination number of 3. This is clearly important for the ability of the catalyst to oxidize CO.
We observed that CO prefers to bind to the bridge site, whereas the top site and hollow sites are less favourable on the perfect gold surface. To better understand the adsorption behaviour of CO on different sites, the Newns model (Newns 1969) is taken into account, which suggested that in an adsorption process, the valence states of small molecules (e.g. NO and CO) covalently interact with the localized metal 'd' states. The covalent nature of a bond is often assessed by the population overlap. As the population overlap increases, the covalent character increases and the bond becomes stronger, and subsequently, the adsorption energy is enhanced. We list the population overlap between the carbon and nearest gold atoms in the various sites in Table 1 , which can explain our findings, that is, the bridge site is the most stable adsorption site. It is also interesting to observe that the coordination number of the gold atoms on the surfaces plays an important role in CO adsorption. Considering the population overlap presented in Table 1, we can   826 Yingying Wang et al./Adsorption Science & Technology Vol. 31 No. 9 2013 Au (111) Au (100) Au ( easily understand this trend. The value of population overlap increases as the coordination number of the gold atoms decreases.
CONCLUSIONS
The DFT calculations are performed to study CO adsorption on Au(111), Au(100), Au(110), Au/Au(111), Au/Au(111) and Au/Au(111). It is found that CO adsorption energies on gold surfaces show a strong dependence on local coordination with a reduction in Au atom coordination leading to higher binding energies. We have provided detailed evidence for the origin of these trends: the value of population overlap increases as the coordination number of the gold atoms decreases, resulting in the high activity towards CO adsorption.
